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Laminar heat and mass transfer are central to a wide range of industrial processes, encompassing (thermal) processing of
viscous fluids, compact equipment for process intensification, and emerging microfluidic devices. Many of these
applications incorporate the “‘static-mixing principle” (stirring of a throughflow by internal elements) for mixing and heat-
transfer enhancement. Investigations on static mixers primarily concern numerical simulations. Experimental studies, on
the other hand, are relatively rare and to date restricted to visualization of mixing patterns or integral quantities as for
example, pressure drop and heat-transfer coefficients. The present study expands on this by quantitative experimental
analysis of three-dimensional (3-D) flow fields and streamline patterns in a representative static mixer using 3-D particle-
tracking velocimetry. This necessitates tackling of (internal) refractions and reflections caused by the complex mixer
geometry. Comparison of experimental results with numerical predictions reveals a good agreement. © 2012 American

Institute of Chemical Engineers AIChE J, 59: 1746-1761, 2013
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Introduction

Heat and mass transfer under laminar flow conditions are
key to a wide variety of industrial fluids-engineering proc-
esses of size extending from microns to meters. Examples
range from the traditional (and still very relevant) mixing
and thermal processing of viscous fluids'™” via compact
processing equipment™ down to the rapidly expanding field
of microfluidic applications.'®'> Many of these applications,
notwithstanding their great diversity, operate by the ‘static-
mixing principle”: a (pressure-driven) continuous through-
flow that is stirred in transverse direction via fixed internal
elements to accomplish efficient heat transfer and/or mix-
ing."> This continuous-processing mode in fact is one of the
key elements in process intensification, a growing trend in
industry, by compact and micro-scale equipment.m_16

Scientific studies on static mixers primarily concern
numerical simulations and predominantly concentrate on the
well-known Kenics mixer.>*!7~20 Experimental investiga-
tions of static mixers are, on the other hand, scarce and hith-
erto restricted to visualization of mixing patterns and either
integral or local quantities as for example, pressure drop,
residence-time distributions, mean heat-transfer coefficients,
and wall shear stress.”*'*> Quantitative experimental analy-
ses on truly three-dimensional (3-D) flow and mixing proper-
ties within static mixers are to the best of our knowledge
nonexistent to date. This motivates the present study on 3-D
flow measurements in a representative industrial static mixer
by way of 3-D particle tracking velocimetry (3-DPTV). To
this end, the 3-DPTV method developed at the Institute of
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Environmental Engineering, ETH Ziirich, Switzerland is
used.?® 2% This method has, within the scope of industrial
mixing, found application before in the experimental investi-
gation of stirred rectangular tanks.”’ Principal aim of this
study is performance of truly 3-D velocimetry in a represen-
tative static mixer so as to pave the way to in-depth experi-
mental analyses of industrial mixing processes.

Flow studies using 3-DPTV are to date restricted to rela-
tively simple flow domains: rectangular tanks>’7; the inte-
rior of a cylindrical domain viewed directly through its flat
endwalls®**> or indirectly through an enclosing rectangular
viewing box.*® However, static mixers are of far greater geo-
metrical complexity on grounds of the cylindrical boundary
and the presence of internal elements. This introduces two
optical distortions, namely, refraction and reflection at
curved and internal walls, which dramatically deteriorate the
tracking performance and reliability. Tackling of these opti-
cal effects is essential for the 3-DPTV procedure to reliably
determine the 3-D flow field and associated 3-D fluid trajec-
tories. Refraction is reduced to an acceptable level by place-
ment of the domain of interest in a cubical viewing box in
an approach similar as adopted in Walpot et al.*® Reflections
are eliminated by utilization of fluorescent tracer particles,
enabling their optical separation from reflections of the light
source, based on the course of action pursued by Pedocchi
et al.>” and Blaj et al.*®

The backbone of the proposed measurement strategy is the
particular combination of the above optical techniques with
the 3-DPTV method introduced before. Its performance is
evaluated by comparison of experimental results with numer-
ical simulations and concentrates on two properties relevant
to mixing: (1) the 3-D velocity field and (2) coherent struc-
tures that form in the 3-D streamline pattern due to continu-
ity. The latter impose geometrical constraints on the fluid
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Figure 1. Mixer geometry including inlet and outlet tubes from various perspectives.

The axial throughflow takes place in negative z-direction. (Dimensions are in mm.)

motion and, thus, fundamentally determine the transport and
mixing properties of a flow.***??

The discussion hereafter is organized as follows. Section
Representative Case Study and Numerical Methods introdu-
ces the industrial static mixer, adopted as representative case
study, and the numerical methods used for flow simulations
and data analysis. These simulations serve as reference for
quantitative evaluation of the experimental results. The labo-
ratory setup and the experimental techniques are treated in
section Experimental Methods. Section General Tracking
Performance elaborates on the general tracking performance
of the measurement procedure. Section Measurement of 3-D
Flow Field and 3-D Streamline Pattern is dedicated to its
application for experimental characterization of 3-D flow
fields and 3-D streamline patterns and includes a compara-
tive analysis with numerical predictions. Conclusions are
drawn and an outlook to follow-up studies is offered in
section Conclusions.

Representative Case Study and
Numerical Methods

The subject of investigation is a representative industrial
static mixer, namely, the so-called Q-type mixer (Primix
BV, Mijdrecht, The Netherlands), with a circular cross-sec-
tion of diameter D that operates on the principle of system-
atic transverse reorientation of an axial throughflow by way
of internal elements. The 3-D frame of reference is defined
such that (x,y)-plane and z-direction correspond with trans-
verse and axial directions, respectively. The internal ele-
ments consist of chevron-shaped central plates of width D =
56 mm and length L = D = 56 mm with perpendicular ellip-
tical segments extending to the outer cylinder wall. These
elements are placed in succession and alternately axial-wise
reversed and rotated over an angle of ® = +n/4 with the x
axis, thus, resulting in a downstream periodic repetition of
pairs of consecutive mixing elements shown in Figure 1. In
this study, only this first pair of elements is considered. The
flow domain is completed by inlet and outlet tubes of length
L; = 40 mm and L, = 60 mm, respectively, resulting in a
total axial extent of L, = L; + 2W + L, = 212 mm. The
axial throughflow takes place in negative z-direction.

The flow is governed by the 3-D steady conservation laws
for mass and momentum for an incompressible fluid, reading
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V-u=0, pu-Vu=-Vp+uVu (1)
with u is the fluid velocity, p the static pressure, p the fluid
density, and u the dynamic fluid viscosity. Dimensional
analysis based on the scaling x = DX/, u = Ui/, p = Pp’, with
U a characteristic velocity and P = pU/D, where primes
indicate dimensionless variables, yields

Re=""2 A=2 )

as relevant nondimensional parameters. Here, Re and A
represent the well-known Reynolds number and the aspect ratio
of the mixing elements, respectively. The geometrical parameter
is in the configuration according to Figure 1 fixed at A = 1,
implying square central plates within each mixing element. The
case study hereafter uses water (p = 1000 kg/m3 and u =1.0 -
10 Pas as working medium at a given flow rate of ¢ =80 [/
h, resulting in a mean inlet velocity of U = 9 mm/s and
advancing a Reynolds number of Re = 505 (section Laboratory
set-up). The close resemblance of the present geometry to the
Kenics mixer, which has a threshold to transition at Re ~ 1000,
implies a laminar flow here. This a posteriori justifies the above
pressure scaling based on a balance primarily between viscous
forces and pressure gradients.

Numerical reference data are obtained by numerical simu-
lation of the flow field within the mixer by the commercial
computational fluid dynamics (CFD) package ANSYS-
FLUENT (double-precision implicit pressure-based solver
for 3-D steady laminar flows; pressure-velocity coupling via
SIMPLE scheme; second-order upwind scheme for convec-
tive term; convergence criterion residuals 10’12). This strat-
egy has in fact proven its worth in numerous computational
analyses of static mixers.'®?° Hence, the present study
adopts essentially the same approach. The flow domain in
Figure 1 is discretized by a computational mesh consisting
of about 1.4 - 10° tetrahedral elements (maximum side
length 2 mm). Standard grid-dependence tests determined
this mesh as sufficient for adequate resolution of the flow.
The no-slip condition # = 0 is imposed on the tube wall and
the internal elements; the velocity profile is prescribed at the
inlet z = 0 via the user-defined function option of ANSYS-
FLUENT and isobaric conditions are presumed at the outlet
z = 212 mm. The inlet profile is prescribed via actual
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Figure 2. Laboratory facility: (a) schematic of the experimental setup; (b) camera configuration (grey boxes labeled
1-4) facing the calibration body (central object with projected area of 54.8 x 91 mm) as inserted in the

test section E.

Distances in panel (b) indicate camera mounting positions relative to origin; angles indicate camera tilt about the horizontal (¢)

and vertical (w) axes.

experimental data (section Laboratory set-up) and corre-
sponds with a fixed axial pressure drop that drives the
throughflow. This ensures a close match between numerical
model and laboratory conditions. Comparative analyses of
numerical and experimental results are carried out by way of
dedicated postprocessing tools implemented in the high-level
programming language MATLAB.

Important to note is that the assumed steady behavior is a
consequence of the laminar flow conditions. This is consist-
ent with findings on the Kenics mixer™'®?° and has been
verified for the present device via unsteady simulations start-
ing from a stagnant fluid. This revealed a rapid transient to-
ward a steady state throughout the entire flow domain. These
steady conditions are in agreement with experimental obser-
vations (section Measurement of 3-D Flow Field and 3-D
Streamline Pattern).

Experimental Methods
Laboratory set-up

Realistic operating conditions in actual industrial static
mixers involve a steady continuous throughflow driven by a
constant pressure gradient. In the laboratory setup, this situa-
tion is mimicked by placement of the mixer in a vertical
configuration between two reservoirs and using the hydro-
static pressure as flow forcing. Figure 2a gives a schematic
of this setup. The top reservoir A, via an entrance tube B
(polyvinyl chloride (PVC); diameter 56 mm; length 560
mm) including a flow straightener C, releases water into the
transparent test section E (glass; diameter 56 mm; wall
thickness 2 mm) holding the transparent mixing elements
(perspex; thickness 1.5 mm) that, through an outlet tube
(PVC; diameter 56 mm) with valve G, is connected with the
bottom reservoir H (indicated diameters are internal). Con-
nector elements between entrance/outlet tubes and test sec-
tion admit easy (dis)mounting of the latter for placement of
mixing elements and insertion of the 3-DPTV calibration
body (section Data acquisition and data processing). Test
section E is enclosed by a glass viewing box F (200 x 200
x 200 mm) filled with water.
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The pair of mixing elements is positioned in the test sec-
tion E such that the inlet z = O of the mixer configuration
(Figure 1) falls within the viewing box (and, thus, the field
of view of the cameras). This enables measurement of the
actual inlet velocity and, thus, adequate prescription of the
inlet conditions (section Representative Case Study and
Numerical Methods), which is essential for the numerical
model. The total axial extent of L, = 212 mm exceeding
the height of the viewing box means that a small part of the
outlet region 152 mm < z < 212 mm of the flow domain
according to Figure 1 sits outside the measurement range.
However, this is inconsequential for this study.

Two arrays of (in total 54) green light-emitting diodes
(LEDs) D (LUXEON Rebel Color, Philips, The Netherlands)
are fixed on two aluminium mounting frames and directed
toward the test section from two opposite sides. The LEDs (in-
tensity 180 Im at 700 mA) are equipped with collimator lenses
to focus the light on the test section, and heat generated is
released by cooling water circulating through the frames so as
to maintain stable operating temperatures. Moreover, heat gen-
eration is minimized by operating the LEDs in pulsated mode,
synchronized with the cameras. An array of four cameras,
arranged in a configuration as shown in Figure 2b, records the
fluorescent polymethyl methacrylate (PMMA) tracer particles
(dy = 50 pm, p, = 1190 kg/m3 ; Microparticles GmbH,
Germany) flowing through the test section. Cameras and track-
ing algorithms—including the calibration body shown in Fig-
ure 2b—are discussed in more detail in section Data acquisi-
tion and data processing. Enclosure of the test section in the
viewing box as well as the particular choice of light source
and tracer particles serve to eliminate—or at least reduce—
detrimental optical effects that degrade the image quality and
compromise the performance of the image-processing soft-
ware. Tackling these optical issues is essential for successful
measurements in the current system. The adopted solutions are
elaborated in section Optical issues and their solution.

Estimation of the particle dynamics yields 7, = dgpp/18
u = 0.17 ms as typical response time to acceleration of fluid
parcels and U, = lp — pplgd§/18 u = 0.26 mm/s as typical
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drift velocity due to buoyancy.*’ The former is negligible
compared to the typical time scale 1, = D/U = 6.22 s of the
flow, quantified by the particle Stokes number St = 1,/7,
~ O107), meaning that particles virtually instantaneously
follow deacceleration/acceleration of fluid parcels. (Here, 7,
is based on the large-scale vortical mixing structures.) The
drift velocity is well below the fluid velocity, that is, Up/U
~ O(10%), and may give rise to a typical particle deviation
Ax, = Upt, ~ O(1 mm), from fluid trajectories during its
residence within the test section. This is considered acceptable
in the present context, because mixing properties of laminar
flows are examined on the basis of coherent structures formed
by clusters of fluid trajectories instead of in terms of individ-
ual trajectories (section Internal 3-D streamline pattern).

Reservoir water levels—and, thus, the hydrostatic pressure
drop—are maintained constant by recirculating the outflow
via a standard submersible pump I (Gamma Building
Centers, The Netherlands). The flow rate ¢ and, inherently,
the pressure drop over the mixer, is regulated by valve J in
the outflow tube and monitored by rotameter J (Fischer
and Porter, USA). This flow-regulation principle can be
illustrated by way of Bernoulli’s equation, yielding ¢ ~
AVPSH +F Pamb — Pvaive> With H the height between the water
levels, pamb the ambient pressure, and pyave = Pamp the static
pressure at the valve. This relation, though strictly invalid in
the present case of laminar flow, exposes the general trend
that ¢ increases with decreasing valve pressure p. e (effec-
tuated by variation of the flow cross-section) and vice versa.
For the cases considered in this study, the flow rate is fixed
at ¢ = 80 L/h, resulting in a mean axial velocity of U = ¢/
A = 9 mm/s, with A the cross-sectional area of the open
tube, and a Reynolds number Re = 505.

The entrance tube E is of insufficient length (560 mm) to
enable full development of the inlet flow into a Poiseuille
profile; this requires for given conditions and Newtonian flu-
ids an entrance length L., ~ 1.45 m using L.,/D = 0.59 +
0.05 Re as correlation.*! However, this is immaterial in
present study, because the numerical model prescribes the
measured inlet profile (section Representative Case Study
and Numerical Methods). Moreover, entrance lengths are
typically below L, in realistic settings as well.

Data acquisition and data processing

Camera Configuration and Data Storage. The camera
configuration is shown schematically in Figure 2b and
records the tracer particles flowing through the test section
from different perspectives. This arrangement is essential for
determination of the 3-D positions of individual particles
(section 3-D Particle-Tracking Algorithm). The four cameras
(MegaPlus ES2020, Kodak, United Kingdom) are mounted
on a rigid frame with connectors that admit easy adjustment
of position and viewing angle; 50 mm lenses (type NMV-
50MI, Navitar, USA) including diaphragm (fgop < 16)
ensure optimal image quality (section General Tracking Per-
formance). The cameras offer 12-bit sensitivity (2'? = 4096
intensity levels), a resolution of W x H = 1600 x1200
pixels at a physical pixel size of dn, = 7.4 ,um2, and a
maximum recording rate of 30 frames per second. Camera
control, including synchronization for simultaneous record-
ing, and data storage (240 MB/s at maximum sampling rate)
are accomplished through a data-acquisition system
(DVCR5000, Iris Vision, The Netherlands).

3D Particle-Tracking Algorithm. The basic principle of
PTV is reconstruction of the trajectories and velocities
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of small tracer particles, seeded in the flow, from recordings
of their motion by way of a camera. This, under the premise
of tracers closely following fluid parcels, yields an accurate
representation of the actual fluid trajectories and fluid veloc-
ity. Primary objective of PTV algorithms is isolation of the
consecutive positions

X, = [1,(0), %, (Af), x,(2A), .. 3)

of physical particles p from subsequent images recorded at
time levels t = 0, At, 2At, ... by way of so-called matching
algorithms. The string of positions &, directly gives the
particle trajectory and, by interpolation schemes of the type

X, (t 4+ At) — x,(t
M,;(X*,l‘): p( Az‘ p()) X

_ %1+ A1) + %, (1)
B 2

“
enables evaluation of the corresponding velocity at positions
x«. Performing this for all tracer particles yields trajectories
and velocity vectors throughout the flow domain.

Standard 2-DPTV reconstructs particle trajectories within
2-D flow domains from images recorded by a single camera.
Reconstruction of 3-D trajectories, on the other hand,
requires at least two cameras to determine, besides the parti-
cle position within the camera plane, also the distance in
normal direction.** This so-called ‘“stereoscopic reconstruc-
tion” is illustrated by the configuration shown in Figure 3a.
Two cameras with focal length s are positioned at locations
X, in the plane z = 0, facing an object at position (xg,zp) in
the 2-D xz-space. This object appears at positions x; and x;
in the image planes of Camera 1 and 2, respectively. Object
position (xo,zo) and image positions (x; ») relate via

SX]Q—XO S(X12 — Xo
fa =Xy, 4 K12 X0) e — ) g
Z0—§ x1 =X

revealing that tracers anywhere on the line zy = a(x;)xo +
b(x;,) appear at one and the same image position x;,. (In
Figure 3a, these lines correspond with the rays connecting
image positions x;, and object.) This has the important
implication that, for known optical settings (s and X, »), each
individual camera can from its recorded position x;, only
determine a line in space on which the object must sit yet not
its exact position. However, the object is located at the
intersection of lines of individual cameras, meaning that at
least two lines—and, thus, at least two cameras—are sufficient
to determine the exact position. The same principle as given in
the simplified situation of Figure 3a holds in true 3-D space
and its exploitation for 3-DPTV was first introduced by Chang
and Taterson.* (Depth perception in human vision relies on
exactly this optical principle, termed stereoscopic vision,
explaining why we have two eyes.)** The principal reason for
3-DPTV algorithms to commonly use more than two cameras
is to enhance the matching performance by enabling
alternative combinations of image pairs in case matching fails
for two given perspectives (e.g., due to limited optical
accessibility). Correct matching of subsequent positions of a
given physical particle namely is the key challenge in
(3-D)PTV. 3042

This study adopts the 3-DPTV algorithm developed at
ETH Ziirich, Switzerland, which is freely available for
noncommercial use.”®?” The ETH algorithm leans on a geo-
metrical-optics model of the generic configuration shown
schematically in Figure 3b. It consists of cameras positioned
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Figure 3. 3-D PTV: (a) basic working principle of 3-D position reconstruction from two 2-D camera images; (b) opti-
cal configuration modeled by the ETH 3-DPTV algorithm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

outside a test section within a container with flat walls, caus-
ing light rays to undergo refraction at the two interfaces
between ambient/working fluid and solid container wall. The
optical model is in essence similar to that for the situation in
Figure 3b yet takes a more complex form due to the 3-D
reference frame and the refraction by the flat sidewalls of
the rectangular container bounding the flow domain. More-
over, the ETH algorithm performs particle matching and
stereoscopic trajectory reconstruction on the basis of four
cameras. Hence, the four-camera configuration in the current
laboratory setup.

Calibration of the Optical Model. Essential for determin-
ing 3-D particle positions from camera images is that the
parameters of the optical model are known. For the simpli-
fied case in Figure 3, these parameters comprise the set
(X1,X2,s); for the ETH algorithm, a similar set exists yet of
larger size due to the greater complexity of the model.
These parameters can in principle be determined directly
from the camera configurations, their optical specifications,
and the material properties of the container and the working
fluid. However, this is a laborious and error-sensitive pro-
cess. In practice, these parameters are, therefore, determined
via calibration using a reference body with known dimen-
sions. In case of the simplified model, a reference body
with three marked positions, for example, bright dots on a
black background, is sufficient to determine the three pa-

49

e

rameters (X;,X,,s). This connects positions x;, in the image
planes with positions (xg,zp) in the physical reference frame
attached to the reference body and, thus, establishes the
coordinate transformation between camera positions and
physical positions. Calibration of the optical model in the
ETH algorithm is accomplished in essentially the same way
yet with the more elaborate reference body shown in
Figure 4. It consists of a 3-D staircase-like black object
(polyacetal) with a projected area of 54.8 x 91 mm?” and
covered by a grid of bright dots (diameter 1 mm). Trans-
verse and length-wise grid spacings are 5 and 7.5 mm,
respectively, within the projected area; offset between stairs
is 7.5 mm. Calibration can be carried out either before or
after an actual experiment and placement/removal of the
reference body is facilitated by the dismountable test sec-
tion. Note that the calibration configuration involves the ref-
erence body in the test section filled with the working fluid
and, thus, is identical to the actual flow situation, save the
internal elements. However, absence of the latter is inconse-
quential, as optical distortion by these elements is insignifi-
cant (section Refraction at the Tube Wall and Internal
Elements).

Optical issues and their solution

Refraction at the Tube Wall and Internal Elements. The
optical model of the ETH algorithm assumes a configuration

=

(a)

(b)

Figure 4. Calibration body for evaluating the model parameters of the ETH 3-DPTV algorithm: (a) dimensions and
reference grid; (b) actual polyacetal calibration body.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(a)

(b)

Figure 5. Optical distortion by refraction: (a) refraction of an incident light ray by an inclined flat wall; (b) unperturbed
internal light rays (green) vs. internal light rays subject to refraction by the internal elements (blue).

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]

according to Figure 3b comprising a single flat wall separat-
ing two different media. However, the mixer geometry itself
consists of a tubular outer wall and internal elements, which
is decidedly different. Hence, imagery obtained for this con-
figuration can, strictly, not be handled by the ETH algorithm
due to significant image distortion by refraction at the sev-
eral (curved) interfaces. Placement of the test section inside
a cubical viewing box filled with water (section Laboratory
set-up) reduces internal refraction to acceptable levels and,
thus, facilitates image processing with the ETH algorithm.
This is based on the ansatz by Walpot et al.*>® and is dis-
cussed in more detail below.

Refraction of light by tube wall and internal elements is
estimated by approximating the curved tube wall and inter-
nal elements by an inclined flat wall surrounded by a given
fluid. The corresponding optical model is based on Snell’s
law and reads

o _ sin(0 — o)

sin o e ©)

d cos o sin0  ng
with configuration and variables according to Figure 52.4
Here, n; and ng are the associated refractive indices of fluid and
solid wall, respectively. Measure for the optical distortion is
the offset J of the refracted ray relative to its unperturbed
counterpart. The estimation takes dy, = 2 mm and d, = 1.5 mm
as thickness of the tube wall and internal element, respec-
tively, 0 = 45° as average angle of incidence and adopts n,, =
1.33 (water), n, = 1.51 (glass), and n, = 1.00 (perspex) as
refractive indices. This yields 6 ~ 0.3 mm (6/R =~ 1%) and 6 ~
0.2 mm (/R =~ 0.7%) as offset by the tube wall and internal
elements, respectively. These estimates offer first evidence in
support of the assumption that remaining internal refraction
within the test section is at acceptable levels and admits
application of the ETH algorithm.

Simulation of the internal refraction by the commercial
package ZEMAX-EE (Radiant Zemax LLC, USA) for opti-
cal-system design admits further examination. To this end,
the full system including camera lenses (magnification fac-
tor: —8.53x), viewing box, tube wall, and internal elements
(represented by a wall positioned under 30° with the verti-
cal) is modeled. Figure 5b shows the rays for the full system
(blue) in contrast to those without internal element (green).
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Both sets of rays are nearly indistinguishable, signifying that
refraction by the internal elements is negligible. Refraction
of any significance is restricted to the localized region at the
top of the tube and results from the strong increase in angle
of incidence due to the wall curvature. Typical offsets
amount to 0 =~ 0.3 mm (6/R ~ 1%) and reach a maximum
of 0 =~ 0.8 mm (6/R ~ 3%) in the direct vicinity of the top
of the tube. These computations closely correspond with the
estimates made before and consolidate the earlier finding
that the cubical viewing box reduces the optical distortion
by internal refraction to an acceptable level for the ETH
algorithm to be used for 3-DPTV.

Internal Reflections. The presence of curved and internal
walls inside the test section introduces, besides the refraction
discussed above, a further optical degradation of the imagery
that must be tackled to admit 3-DPTV: reflections of the
illuminating light rays on fluid-wall interfaces and small
water-borne objects (e.g., air bubbles). These reflections may
have an intensity that equals or even exceeds that of the
light reflected by tracer particles. For instance, air bubbles,
though usually sufficiently small to be harmless to the flow,
are typically larger than tracer particles, reflecting a greater
amount of light and, consequently, appearing at a higher
intensity. Thus, visibility of tracer particles in the images
may be insufficient for reliable detectablility and tracking.
This phenomenon is remedied by utilization of fluorescent
particles. Their key advantage over conventional particles is
that they absorb the incident light from the light source and,
instead of direct reflection, emit this at wavelengths different
from that of the light source (and its reflections). This ena-
bles optical separation of reflections and fluorescence by an
optical filter transparent only to the wavelength regime of
the latter, causing only particles to emerge in the camera
image. This filtering principle leans on a similar course of
action as pursued before by, for example, Pedocchi et al.*’
and Blaj et al.*® and is demonstrated in Figure 6a.

The present setup adopts green LEDs (intensity peak at
/4 = 530 nm) as light source in combination with PMMA
particles doped with the fluorescent substance rhodamine B
(section Laboratory set-up). Its absorption and emission
peaks occur at Ay, = 560 nm (green) and Ao, = 585 nm
(red), respectively, and the quantum yield (fraction of
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Figure 6. Optical separation of reflected LED light and fluorescence by the tracer particles: (a) basic filtering prin-
ciple; (b) typical spectrum of light emanating from test section and its domination by the emission peaks
of LEDs and rhodamine B-doped PMMA tracer particles.

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]

absorbed light that is emitted via fluorescence) amounts to
¢ ~ 0.65 at 25°C.*> These properties ensure a strong fluo-
rescence intensity at a wavelength that is sufficiently distinct
from that of the light source. This is illustrated in Figure 6b,
showing the spectral intensity distribution of a typical image
of fluorescent particles inside the test section before optical
filtering. Left and right peaks, respectively, correspond with
refections of the LED light and the fluorescence by the par-
ticles. (Note that the relative peak intensities depend essen-
tially on the dye concentration. The peak locations, on the
other hand, are identical for any concentration. Only the lat-
ter is relevant for the optical separation.) The LED light
includes contributions up to A = 620 nm, meaning that
reflections, though relatively weak, may nonetheless interfere
with the fluorescence. Reflections are, therefore, suppressed
by a two-stage optical filtering. First, the tail of the LED
spectrum (above A &~ 570 nm) is, before reaching the test
section, eliminated by placement of cyan dichroic filters
(FD1C, Thorlabs, Germany) on the collimator lenses; sec-
ond, the strong reflections around the LED peak 4 = 530 nm
are eliminated from the light emerging from the test section
by placement of a 590 nm high-pass filter (type OG-590,
Schott Glass, Germany) before each camera lens.

General Tracking Performance

Circulation of water through the system is typically run for
about 30 min to achieve stable and steady flow conditions
and attain an even distribution of the fluorescent tracer par-
ticles. Images are recorded at the maximum recording rate of
30 frames per second and at an exposure time of 5 ms. This
ensures a sufficient sampling frequency and recording inten-
sity. Focal length s = 50 mm, maximum fj,, = 16, and mean
distance dy = 470 mm from lens to calibration body yield M
= s/(dy — s) = 0.12, as average magnification factor. This
gives Wi /M x Hdyi /M = 100 x 75 mm?, as field of view
of the cameras, encompassing a region approximately the size
of one mixing element, with a corresponding depth of field
2HAX/(H? — d2) = 21 mm, where H = 5°/fyiop d. is the hyper-
focal distance and d. = dp;y is the circle of confusion.*® Dif-
fraction results in an effective particle diameter of dj, . =

V (deM)? + d% = 262 um &~ 3.5 pixels, with dyge = 2.44

JstopM + 1), on the CCD sensor.*® One camera pixel cor-
responds with a projected physical area of about 60 x60 ,umz,
meaning that particles have a typical displacement of 300 um,
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or equivalently, 5-pixels, between subsequent frames. These
optical properties constitute an optimal balance between maxi-
mum utilization of the camera resolution and facilitate reliable
determination of particle location and motion.*’ Trajectories
of individual particles can be measured only in flow regions
within the fields of view. Hence, 3-D streamline portraits can
be determined only for subregions of the flow domain. The
velocity field, on the other hand, can be determined for the
entire system. Its steady nature namely enables assembly of
the velocity fields u;; of individual time levels ¢ (i € [0,N])
and flow regions Q; (j € [0,M]) into a high-density field cover-
ing the entire test section: o = 11 U 3 U ... U u;; U

U unp. Experiments in the present study adopt this
approach and paritition the flow domain into three regions:
(1) “inlet region” including part of the upstream mixing ele-
ment; (2) “mixing region” encompassing both mixing ele-
ments; and (3) “outlet region” including part of the down-
stream mixing element.

The effect of the optical filtering is demonstrated in
Figure 7. Images without filtering (panel a) are dominated
by reflections, rendering tracer particles nearly invisible.
Filtering virtually removes these reflections and effectively
isolates the tracer particles from the signal (panel b). (Note
that here the dye concentration is substantially lower than in
the sample shown in Figure 6b, causing a much greater
intensity difference between reflections and fluorescence.)
This dramatically improves the image quality and, in con-
junction with reduction of internal refractions, is crucial for
reliable and successful data processing with the ETH algo-
rithm. Moreover, elimination of reflections also removes
residual air bubbles from the images, thus, lowering the risk
of nonphysical trajectories and spurious velocity vectors. Air
bubbles, in contrast with the tracer particles, namely are sub-
ject to significant buoyancy and their motion, thus, poorly
correlates with the fluid motion.

The general performance of the 3-DPTV algorithm is
examined for measurement sessions in each of the regions
specified above. Data acquisition has within each region been
carried out for about 30-32 s, yielding some 900-960 images
per camera and amounting to nearly 7.5 GB of data. On aver-
age, the 3-D positions x,(#;) of 190 particles are identified
from each set of images at a given time level # and an aver-
age matching yield of ~76% is attained. This generates nearly
6000 tracks X, = [x,(0), x,(AD), x,(2A1), ..., x,(L,AD)],
according to relation Eq. (3) of length L, > 50 for the three
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Figure 7. Reduction of the optical distortion by reflections using optical filters: (a) original (unfiltered) image; (b)

filtered image revealing fluorescent particles.

measurement regions combined.* (Tracks of length L, < 50
have been discarded.) The distribution of track lengths L, is
shown in Figure 8a in terms of number of tracks N, of a
given length L, and closely follows the correlation N, = cLj,
with ¢ = 3.0892 - 10® and @ = —2.6587 (solid line). This sig-
nifies an exponential decay in track lengths (dNy/dL, = aN,/
L, < 0) and amounts to a mean track length of L, = 120
time levels. Note that the sudden increase in number of tracks
for the highest length range is due to particles stuck on the
tube wall and internal elements. These particles are easy to
track yet their “trajectories,” albeit physically correct, are
irrelevant for the flow analysis. Hence, they are excluded
from the correlation. This reveals that trajectories typically
span time intervals considerably shorter than the duration of
the measurement yet nonetheless cover a few hundred frames.
For a typical displacement of 300 um between consecutive
frames, this leads to track lengths in the order of the charac-
teristic length scale of the flow domain. This demonstrates
that, though consistent tracking and matching of individual
particles throughout the full sequence of frames proves diffi-
cult, the 3-DPTV algorithm performs well by enabling reliable
measurement of substantial portions of the 3-D streamline pat-
tern. This is discussed in more detail below.

Performance of the 3-DPTV algorithm depends, besides on
time, also on space in that the majority of isolated trajectories
is located in front of the internal elements (i.e., directly visible
by the cameras through the tube wall). This is demonstrated
in Figures 8b,c, showing the trajectories on the front and rear
sides of the element, respectively. The cause for this must not
be sought in refraction by the flat portions of the internal ele-
ments; this has been ruled out in section Refraction at the
Tube Wall and Internal Elements as significant error source.
However, not included in that analysis are the sharp edges at
which constituent segments of an internal element join. These
edges in fact constitute optical discontinuities that are basi-
cally impenetrable to light and, in consequence, appear as
black stripes crisscrossing the images in various directions.
Particles cannot be reliably tracked across such stripes, which,

*In this representation, t = 0 and t = LyAt coincide with the time levels at which
a certain particle p is first and last matched, respectively. This may differ from the
sampling time levels #; = iAt.
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given they appear at different orientations in different camera
views, severely restricts the unobstructed fields of view in the
rear-side area of the flow domain. Hence, the substantially
less and shorter trajectories in this subregion compared to the
front-side area of the element.

Measurement of 3-D Flow Field and 3-D
Streamline Pattern

Inlet velocity field

The performance and potential of the current 3-DPTV
method for 3-D flow measurements in inline mixers is inves-
tigated by way of a comparative analysis between experi-
mental results and numerical predictions. This analysis
embarks on determination of the velocity distribution at the
inlet z = 0 of the flow domain (Figure 1) so as to prescribe
physically accurate boundary conditions for the numerical
simulations (sections Representative Case Study and Numeri-
cal Methods and Laboratory set-up). The 3-D velocity at the
inlet is evaluated from 3-D flow measurements in the inlet
region. Its analysis reveals an axial velocity component u,
that clearly dominates over the transverse components u,,
and is axisymmetric [i.e., u, = u,(r)]. Figure 9a gives the
axial component u, as a function of the radius r = /x2 + y2
of 2-D positions (x,y) of data points in the 3-DPTV data set
(crosses) in the inlet z = 0. The flattening of the profile in the
center signifies a flow in its developing stage toward a fully
developed Poiseuille profile.*” These properties are consistent
with a developing velocity field in an open tube (the inlet sits
within the development length L. ~ 1.6 m of a Poiseuille pro-
file for a Newtonian fluid; section Laboratory set-up) and,
thus, constitute first evidence of reliable measurements.

The measured axial profile admits straightforward approxi-
mation by the functional relation u. = U(g+2)(1 — Ir/RI%)/q,
with ¢ = (n + 1)/n and n a shape parameter. Least-squares
fitting gives n = 0.32 and yields the solid curve in Figure
9a; the departure Au, = u,, — u,. between analytical (u,_,)
and experimental (u,.) profiles is shown in Figure 9b (mean
Uax = 0.28 mm/s and standard deviation g5, = 0.40 mm/s)
and stays within the 204,-limit indicated by the error bars in
Figure 9a. It must be noted that an alternative representation
based on standard polynomial fitting may slightly diminish
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Figure 8. Performance of the 3-DPTV measurement and tracking procedure: (a) length distribution in the data
set of about 6000 tracks; (b) tracks in the front-side area of the internal elements; and (c) tracks in the

rear-side area of the internal elements.

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]

the mean departure puu, yet, in contrast with the above
(strictly monotonic) functional form, suffers from oscillations
in the profile that become more profound with increasing
polynomial degree. Hence, the present study, notwithstand-
ing the small deviation around r ~ 15 mm, adopts this func-
tional form for the numerical model.

Internal 3-D velocity field

The 3-D experimental velocity field in the entire mixer is
assembled from data sets obtained separately for the inlet,
mixing, and outlet regions (section General Tracking Per-
formance). Figure 10 shows the measured field (left column)
in comparison with numerical predictions (right column)
from downstream (top) and upstream (bottom) perspectives.
The displayed 3-DPTV data correspond to about 4500 actual
measurement positions distributed evenly throughout the
flow domain and belong to a denser set of nearly 18,000
velocity vectors determined from the tracking results; the

= Experimental data

-2/ —Fitted profile

4t

Axial velocity [mm/s]

L Eal
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( a) Radius [mm]

FLUENT data set corresponds to nodal values and is of
comparable size. The velocity fields exhibit a good qualita-
tive agreement; essential flow features as transition from the
uniform inlet flow into a 3-D flow at the upstream element,
the internal 3-D flow around the elements, and the swirl
flow exiting the downstream element are recovered well by
the 3-DPTV measurements.

Quantitative comparison between experimental and simu-
lated velocity fields is carried out for the three measurement
regions in two ways: (1) directly in the 3-DPTV data points;
and (2) in representative cross-sections. To this end, data
have been interpolated onto evaluation points by way of
built-in MATLAB interpolation schemes. Figure 11 gives
the experimental velocity field u. (blue) and corresponding
numerical prediction u, (red) at the 3-DPTV measurement
positions of Figure 10 in said flow regions in perspective
(top) and projected (center) views. This reveals that, save
occasional mismatches, experimental and numerical vector
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Figure 9. Developing inlet velocity profile (z = 0): (a) measured profile and its approximation by the functional
relation u, = U(q + 2)(1 — |[r/R|%/q (@ = (n + 1)/n and n = 0.32); (b) approximation error.
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fields are also on this detailed level in close correspondence.
The deviation is quantified via €, = lu, — ucl/lue maxl and
represented per histogram in Figure 11 (bottom) for each
flow region. (Note that the histograms are evaluated with the
aforementioned denser 3-DPTV data set of about 18,000
positions.) The associated statistics read p = 3/6/17%
(mean), m = 2/4/13% (median), and ¢ = 6/9/14% (standard
deviation) for the inlet/mixing/outlet regions, signifying an
overall good performance, in particular in the light of the
challenges posed by the mixer geometry to the measurement
method (section Experimental Methods). Strong outliers cor-
respond primarily with spurious vectors due to particle mis-
matches by the ETH algorithm.

The relative deterioration in performance in mixing and
outlet regions can in part be attributed to the more complex
flow and geometry—and associated optical disturbances by
the mixing elements—compared to the inlet region. How-
ever, a major cause for the deviations must be sought in
two departures of the numerical model from the experimen-
tal configuration: the internal geometry and the outflow
condition. (Recall that inflow conditions are closely
matched.) The simulations use internal mixing elements
consisting of infinitely thin plates with perfect shapes that
seamlessly connect with the tube wall. The elements in the
laboratory setup, on the other hand, are of finite thickness
(3% of tube diameter), exhibit various imperfections (mi-
nute gaps with tube wall allowing weak ‘“leakage” of fluid,
rounded corners at joints of element segments) and are fix-
ated via a downstream rod (diameter 1 mm) that spans the
entire outlet region. The simulations impose a pressure out-
let 60 mm downstream of the trailing element; the outlet
section in the experimental apparatus covers about 800 mm
and includes the flow-rate valve at 500 mm after the mixer
exit. (The outflow section in the numerical model is
restricted for computational efficiency.) These differences
are consistent with the gradual increase in deviation ¢, in
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Figure 10. Measured vs. simulated 3-D velocity field: (a) 3-DPTV measurement positions; (b) nodal vectors by FLUENT.

downstream direction. Further minor error sources are
positioning uncertainties of calibration grid and mixing
elements.

Cross-sectional velocity profiles have been determined in
the inlet region at z = 30 mm (10 mm before upstream
element), in the mixing region at z = 68 mm (midplane of
upstream element), and in the outlet region at z = 172 mm
(20 mm after downstream element). Figure 12 gives the
cross-sectional profile near the inlet for the three velocity
components obtained from experimental data (top) and via
numerical simulations (bottom). This exposes an overall
close quantitative agreement between measurements and pre-
dictions. The axial velocity u, is strongly axisymmetric and
close to that found before (Figure 9). The slight noncircular-
ity of the contours signifies a breakdown of axisymmetry
due to the onset of 3-D flow induced by the upstream ele-
ment. Note that this subtle feature is present in the experi-
mental field as well. The transition to 3-D flow manifests
itself in weak transverse circulations that give rise to the
asymmetries in the transverse components u,, clearly visible
in shown profiles. The comparably poor definition of the
transverse components u,, must be attributed to their small
magnitude relative to the axial flow: u,,/u. ~ O(10%). This
renders the former more susceptible to noise.

The cross-sectional profile in the midplane of the upstream
element is shown in Figure 13. This reveals two large-scale
transverse circulation zones separated by the mixing element,
roughly coinciding with the downward-sloping bar in Figure
13c, and two localized recirculation zones, demarcated by
the small patches of approximately uniform color. These fea-
tures, including the two peaks in the vertical component u,
(dark regions in the red area in Figure 13b), are well
resolved by the experimental field. This again demonstrates
the good agreement between 3-DPTV results and numerical
simulations that, despite the more complex flow, in fact
exceeds that of the above inlet region due to a relatively
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Figure 11. Measured (blue) vs. simulated (red) 3-D velocity field in each of the measurement regions: (a) inlet

region; (b) mixing region; and (c) outlet region.

The histograms give the distribution of the deviation ¢, between experimental and numerical fields in each region. [Color figure
can be viewed in the online version, which is available at wileyonlinelibrary.com.]

dense data set in this area. Its inhomogeneous distribution is
considered the primary cause for the somewhat poorer reso-
lution of u, , in the region to the left of the mixing element.
Note that, compared to the inlet cross-section (Figure 12),
the definition of flow features is of equal quality for all
velocity components.

Figure 14 gives the velocity components in the outlet
region. The transverse components u,, are of the same mag-
nitude as the axial flow u,, which, consistent with Figures 10
and 1lc, signifies a strong exit swirl. However, the nonzero
areas of the vertical component u, being substantially more
localized than those of the horizontal component u, implies
that the swirl flow is still developing. This phenomenon is
picked up well by the experiments. Moreover, smaller-scale
features are still reasonably resolved yet overall agreement
between measured and simulated field (of in particular the
axial component) is less compared to inlet and mixing
regions due the differences between numerical model and
experimental setup outlined before.
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Internal 3-D streamline pattern

The 3-D streamline pattern within the mixer can, in con-
trast with the velocity field, be obtained only region-wise
for the inlet, mixing, and outlet regions (section General
Tracking Performance). Moreover, mixing flows exhibit
(locally) chaotic advection, that is, the repeated stretching
and folding of material regions, implying that individual
streamlines are extremely sensitive to initial conditions in
the sense that minute deviations in initial tracer positions
may lead to dramatic differences in streamlines.>”*® This
property renders a comparison between experiments and
simulations on the basis of individual streamlines impracti-
cal and, in fact, of limited use. However, continuity organ-
izes streamlines into larger-scale coherent structures that,
in contrast with their individual constituent streamlines, are
structurally stable and robustly detectable. Such coherent
structures impose geometrical constraints on the fluid
motion and are key to the transport (and mixing) proper-
ties of a flow.***3° Coherent structures of particular
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Figure 12. Cross-sectional velocity in the inlet region at z = 30 mm (viewing xy-plane in +z direction) according to
3-DPTV measurements (top) and numerical simulations (bottom).

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]

relevance to inline mixers include families of concentric
stream tubes and chaotic regions. The former restrict fluid
to confined areas within the cross-section and, thus, consti-
tute transport barriers and, in consequence, poor-mixing
zones; the latter accomplish rapid lateral spreading of ma-
terial in the throughflow and, thus, promote efficient mix-
ing.4’21’39 Hence, 3-D experimental transport studies should
concentrate on the formation of coherent structures and
geometric composition of 3-D streamline patterns instead
of on individual streamlines.” This approach provides the
more complete—and, given the robustness of coherent
structures to, for example, measurement inaccuracies, more
reliable—picture on mixing and transport properties. The
present study takes a first step in that direction by a com-
parative analysis of some larger-scale flow features.

Figure 15 gives the experimental streamlines of all regions
combined (blue) in comparison to their simulated counter-
parts (red) from various perspectives. This exposes a larger-
scale coherence in the streamline pattern that comprises flow
features as the deflection of the throughflow by the upstream
element, the internal mixing pattern, and the exit swirl. The
global geometric compositions according to measurements
and predictions, despite significant divergence between some
individual streamlines on account of the aforementioned sen-
sitivity to initial positions, exhibit a good qualitative agree-
ment. Clusters of experimental streamlines effectively
“shadow” their simulated counterparts. Two important flow
features, namely the internal mixing pattern and the exit
swirl, are investigated in more detail below.

The basic mixing principle of the current configuration is
the systematic transverse reorientation of the axial through-

"Exactly determining which physical streamline emanates from a certain initial
position is in a chaotic system basically impossible due to a, in practice, only
finite precision. However, the shadowing lemma from dynamical-systems theory
states that simulated or measured trajectories always closely follow some physical
trajectory.*” Hence, a sufficiently dense set of initial conditions, irrespective of
their exact locations, yields a web of streamlines that demarcates any coherent
structures and, thus, invariably exposes the geometric organization of the stream-
line pattern.
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flow by an element-wise division into two adjacent streams
with alternating rotations in the cross-section. Principal
objective is the accomplishment of chaotic fluid motion for
the purpose of rapid lateral distribution of material. This pro-
cess is visualized in Figure 16 by the fluid stream passing
one side of the upstream element, where blue and red again
represent experimental and numerical streamlines, respec-
tively. Note that experimental streamlines are truncated near
the leading edge of the downstream element due to the parti-
tioning of the flow domain into three measurement regions
(section General Tracking Performance). The streamlines
undergo a strong lateral dispersion due to vortical motion
triggered by the leading elliptical segment of the upstream
element and bifurcation of the remaining fluid stream by its
impingement on the leading elliptical segment of the down-
stream element. The separation of the incoming fluid stream
into vortical structures and a bifurcating “jet” is particularly
apparent in the bottom panels of Figure 16. These coherent
structures are present in both the experimental and numerical
streamline patterns and exhibit a strong correlation to a great
level of detail. This validates the current analysis both ways
by implying an accurate resolution of the 3-D flow structure
by both the 3-DPTV experiments and the numerical model.
The 3-DPTV streamlines, thus, yield a first experimental
characterization of the 3-D internal mixing pattern of an
industrial static mixer. The observed lateral dispersion is
indicative of chaotic advection—and efficient mixing—yet
existence of (localized) stream tubes cannot be conclusively
ruled out at this stage.

The flow enters an open tube after exiting the mixing
region, initiating its development into a Poiseuille flow. This
gives rise to the exit swirl found before (section Internal 3-
D velocity field) and manifests itself in the formation of a
vortical structure emerging from the downstream element
that span the entire cross-section. Figure 17 demonstrates
this for the fluid stream passing one side of the downstream
mixing element. The streamlines, on emanating from the
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Figure 13. Cross-sectional velocity in the mixing region at z = 68 mm (viewing xy-plane in +z direction) according
to 3-DPTV measurements (top) and numerical simulations (bottom).

[Color figures can be viewed in the online version, which is available at wileyonlinelibrary.com.]

latter, develop into an outwardly spiralling vortical structure
that gradually transits into the characteristic helical stream-
lines of exit swirls. Note that this spiralling becomes more
profound the closer the streamlines are to the mixing ele-
ment. The correlation between the coherent structures in the
experimental (blue) and numerical (red) streamlines, similar
to the mixing pattern, is again strong, offering further evi-
dence of the accuracy, and reliability of the 3-DPTV meas-
urements.

u, [mmis) u, [mmis]

u,, [mm/s]

15

o

&

-10

&0

Conclusions

The present study describes the experimental characteriza-
tion of the 3-D laminar flow and corresponding 3-D stream-
line pattern in a representative industrial static mixer by way
of 3-D 3-DPTV. Laminar flow and the staticmixing principle
are two key elements in a wide range of industrial mixing
and heat-transfer systems, encompassing (thermal) process-
ing of viscous fluids, compact equipment for process intensi-
fication, as well as many emerging microfluidic applications.

15

10

[

u, [mm/s]

Figure 14. Cross-sectional velocity in the outlet region at z = 172 mm (viewing xy-plane in +z direction) according
to 3-DPTV measurements (top) and numerical simulations (bottom).

[Color figures can be viewed in the online version, which is available at wileyonlinelibrary.com.]
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Figure 15. Measured (blue) vs. simulated (red) 3-D streamlines in the entire flow domain.

[Color figures can be viewed in the online version, which is available at wileyonlinelibrary.com.]

Key challenge for performance of 3-DPTV measurements
in static mixers is the geometrical complexity of the flow
domain due to the cylindrical outer wall and internal mixing
elements. This introduces two optical distortions: refraction
and reflections at curved and internal walls. Tackling of
these issues is essential for reliable determination of the 3-D
flow field and fluid trajectories. Refraction is dealt with by
placement of the domain of interest in a cubical viewing
box. This reduces the optical deformation by the mixer
geometry from nearly 25% to about 1%, which is considered
acceptable. Refraction by the bounding walls of the viewing
box is accounted for by the 3-DPTV image-processing algo-
rithm. Reflections are eliminated by employment of fluores-

cent tracer particles and their illumination by a dedicated
light source (LEDs), which enables separation of former and
latter through optical filtering. Key to the measurement strat-
egy proposed in this study is the particular combination of
these optical techniques with the 3-DPTV data-processing
algorithm introduced before.

The proposed measurement strategy exhibits a good gen-
eral tracking performance. Typical measurements involve
900-1000 frames with nearly 200 tracer particles each. An
average matching yield of ~76% is attained and results in a
combined set of 6000 tracks with a length of 50 frames or
more at an average of 120 frames. This enables adequate
experimental characterization of the 3-D flow field and the

Figure 16. Visualization of the internal mixing pattern by trajectories passing one side of the upstream element:
3-DPTV measurements (blue) vs. numerical simulations (red).

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]
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Figure 17. Visualization of the exit swirl by trajectories passing one side of the downstream element: 3-DPTV
measurements (blue) vs. numerical simulations (red).

[Color figure can be viewed in the online version, which is available at wileyonlinelibrary.com.]

3-D streamline pattern. The analysis exposes a remaining
optical issue: localized refraction at the sharp edges of the
internal elements. These edges appear as dark “stripes” in
the imagery that severely restrict the field of view in the
rear-side area of the internal elements. This adversely affects
the tracking performance and results in substantially less and
shorter tracks in this flow region compared to the front-side
area of the elements.

Comparative analysis of experimental results with numeri-
cal simulations reveals an overall good agreement. 3-D
velocity vectors on average coincide within 10-15% and a
major cause for deviations must be sought in two departures
of the numerical model from the experimental configuration:
(1) the internal geometry and (2) the outflow condition. Sim-
ulations use infinitely thin mixing elements of perfect shape
and impose isobaric conditions at the outlet of the test sec-
tion; the experimental setup, on the other hand, has elements
of finite thickness and imperfect shape, a downstream fixa-
tion rod, and a valve near the outflow region. 3-D stream-
lines are compared on the basis of larger-scale coherent
structures that form due to continuity. Such coherent struc-
tures impose geometrical constraints on the fluid motion and
are key to the transport (and mixing) properties of a flow.
Essential and complex 3-D structures as the internal mixing
pattern induced by the mixing elements and the exit swirl
are well recovered by the experimental study and in close
agreement with numerical predictions.

The above findings imply that the 3-DPTV measurements
accurately capture the 3-D flow field and streamline patterns
throughout the entire mixer. The present study to the best of
our knowledge is the first experimental characterization of
truly 3-D flow and (basic) mixing phenomena within indus-
trial static mixers. Thus, the adopted measurement strategy
lays the groundwork for experimental flow studies in other
industrial devices with complex geometry. Follow-up investi-
gations are in progress and concern in-depth 3-D experimen-
tal mixing analyses by sophisticated data processing using
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Lagrangian concepts from laminar-mixing studies.**** This
expands on this study by further isolation and demarcation
of coherent structures in the 3-D streamline patterns. More-
over, efforts for flow measurements under nonisothermal
conditions are underway. This introduces a formidable opti-
cal issue: thermally induced refraction due to dependence of
the local refractive index on the fluid density and, in turn,
on the temperature field.
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